The beam-beam phenomena in hadron colliders is just as rich as in e+e-machines: orbit and focusing perturbations, excitation of nonlinear resonances, coherent tuneshifts. Moreover, the absence of radiation damping and long duration of a store permit even high-order (and correspondingly weak) resonances to manifest themselves presenting a major challenge for both theoretical analysis and machine operation. The recent progress in understanding of and coping with the beam-beam effects at hadron colliders, primarily at the Tevatron, is discussed.
INTRODUCTION
A good progress has been made in both theoretical and experimental study of beam-beam effects in hadron colliders since the advent of the first one, ISR. Major manifestations of the beam-beam effect -such as orbit offset, tunespread, resonance excitation -are well described analytically, reproduced in tracking simulations.
However, the overall effect of these factors on the time scale of many hours is more difficult to predict.
Somewhat surprising are relatively high losses (especially from the strong beam in the weak-strong case [1, 2] ) which are apparently produced by high-order beam-beam resonances: the width of these resonances and their synchrotron satellites is insufficient to overlap and cause dynamical stochasticity. It is important to understand the detail mechanism of these losses to make projections for new machines and upgrade of the existing ones.
Another important and not completely resolved issue is stability of coherent beam-beam modes. Existence of such modes in colliding proton beams was experimentally demonstrated at RHIC [3] ; recently there were observations of instability of coupled motion of Cu beams at injection energy [4] . At Tevatron, which is still running in the weak-strong regime (intensity ratio 0.1-0.2), attempts to significantly reduce chromaticity during collisions result in coherent beam-beam instability.
Observations at RHIC and Tevatron indicate that there is an intricate interplay between beam-beam and beamwall interactions which requires further investigation.
In the present report we discuss the current understanding of these problems and the efforts to overcome them. 
INCOHERENT BEAM-BEAM EFFECTS

Beam-beam contribution to chromaticity
Since chromaticity is important for stability of both incoherent and coherent motion let us consider it in more detail. Fig.2 (left) presents measured antiproton bunch-bybunch chromaticity [5] in store 3678 (average for the three trains). Bare lattice chromaticity on the pbar helix was C=10.5, Cy=11.5 (C,=12.5, Cy=10.5 on the proton helix) so there was a large contribution from beam-beam interactions.
Both head-on and long-range interactions contribute to the chromaticity: the head-on interactions owing tofunction modulation 
Emittance growth
The proximity of the Tevatron working point to the 5th order resonances has an adverse effect on the pbar emittance at the start of HEP. Fig.3 shows increase in the vertical emittance of antiprotons along one bunch train. Dependence on bunch position ("scallops") is a clear signature of long-range interactions, it correlates with bunch-by-bunch tunes and chromaticities.
However, there is a puzzle: usually "scallops" are more pronounced in the vertical plane [1] despite smaller vertical chromaticity.
A tentative explanation of this apparent contradiction is based on the proximity of tunes in all pbar bunches except the last one to the main diagonal. Usually the horizontal emittance is larger so the coupling redistributes energy from the horizontal to the vertical plane.
But the total increase is due to the 5th integer, to avoid it a few measures were proposed (besides reduction in chromaticity): compression of the pbar tunespread with the help of nonlinear electron lenses, moving to another working point (e.g. that used in SPS).
Let us note that antiprotons with large betatron amplitudes do not see the 5th order resonances (Fig.1) , therefore these resonances are not the immediate cause of particle losses.
Particle losses
Beam-beam induced losses pose a serious problem: they create high backgrounds at detectors (especially at the start of HEP) and reduce luminosity lifetime. Surprisingly, the strong beam in the weak-strong case may suffer higher losses [1, 2] . This can be explained by smaller emittance of the antiproton beam in both SPS and Tevatron since the strength of high-order resonances excited in head-on interactions is very sensitive to the emittance ratio. Fig.4 shows dependence of 12th, 14th and 16th order resonance driving terms (RDTs) on this ratio. In the limit £p/Ea <<I Rm-(Ep/Ea)m 2, but at £p/ea >1 the dependence is weaker.
The so-called quasi-linear diffusion rate [7] is proportional to the RDT squared: DQL = 27Rm M' (3) M=(mXCX + myCy) vo being the resonance tune modulation by synchrotron oscillations, so one would expect it to scale as (Eplea)m.
Observations however do not confirm such strong dependence. (induced by the 16th order resonances) at two values of the pbar emittance [2] . From the plot one can infer scaling ('/E)2 . The same law was obtained for proton losses in
Tevatron induced by the 12th order resonances [1] .
Another contradiction with the model of overlapping synchrotron satellites [7] can be seen in the loss rate dependence on the acting (pbar) beam intensity. Fig. 6 shows that in Tevatron for a given emittance ratio ( 1.7 in the plot) the losses grow as Na, whereas Eq. 3 suggests scaling as Na2
Even more important is the absence of a threshold intensity: this means that the diffusion is caused likely by another mechanism than the resonance overlap.
Large statistical errors do not permit to make definite conclusions, the more so that the HERA observations indicate a stronger dependence on intensity of the opposing electron beam [8] . The work in this direction should be continued in order to understand the scaling law of the losses. (4) where Qcoherent is the 21-mode tuneshift.
In head-on colliding round beams of equal intensity Y=1.214. Theory predicts a number of stabilizing factors, such as tunesplit, unequal intensities, synchrotron sidebands overlap [10] . At small value of intensity ratio the tunesplit completely suppresses coherent oscillations, which may explain absence of instability at zero chromaticity in the Tevatron Run I [11] . With increasing intensity ratio the tunesplit becomes less efficient, in its presence the icmode emerges from the incoherent tunespread even earlier than in its absence.
Long-range interactions
For long-range interactions the Yokoya factor is large, Y 2, which increases the danger of instability.
Instability of coupled oscillations of two Cu beams was recently observed at RHIC at injection energy [4] . Longrange interaction at six crossing points couples sets by three bunches in each beam, some of these sets may go unstable while others do not. Fig. 8 shows bunch intensities before and after the last group of bunches was injected into the Yellow ring sparking the instability.
The tentative explanation of this effect is based on the shift of coherent tunes by beam-beam interaction with respect to the incoherent tunespread produced by spacecharge forces (Fig. 9) .
Since the beams are vertically separated the beambeam tuneshift is negative in the horizontal plane and positive in the vertical plane, whereas the space-charge tuneshift is negative in both planes. It is easy to see that by shifting the horizontal incoherent tunes further down the beam-beam interaction leaves undamped the horizontal i-mode (which is not shifted at all), in the vertical plane the 21-mode is shifted up by Y 2 times as much as the incoherent tunes and also may become unstable (Fig. 9) .
The instability can be suppressed with the help of tunesplit (to restore Landau damping) or chromaticity increase (to enhance the head-tail damping) [4] . gives the mode growth rates due to effect of the wall impedances which were modeled in calculations by assigning a small imaginary part to the bare lattice tunes proportional to the bunch intensity (equals unity for protons in the plot).
One can see that multiple long-range interactions (70 for each bunch) can shift the I-like mode tunes far from the proton incoherent tunespread (the blue curve shows the spectral function of all 36 proton bunches), however their growth rates is almost as high as for the proton beam alone.
Though the tunes of all modes lie within the antiproton incoherent tune distribution (the green curve shows the spectral function of antiprotons) the pbar intensity may be not sufficient to suppress the instability. It is interesting that though the growth rate of these modes is inherited from the proton beam, the antiprotons participate in oscillations with larger amplitude. Fig. 11 shows bunch-by-bunch amplitudes for the second mode (counted from the left in Fig. 10 ). First the vertical chromaticity was lowered from 10.5 to 2.5 units which caused some insignificant increase in the Schottky power, but when the horizontal chromaticity was lowered from 7 to 1.5 units and beams went unstable.
The instability was rather slow which permitted to record bunch-by-bunch losses prior to the quench. They indicate that it was a multibunch instability with both beams participating, the quench being caused by antiprotons.
Also it was possible to register the Schottky power from each beam (1.7GHz monitor has such capability [5] ) as the instability evolved (Fig. 12) . From the difference in the power and the intensity ratio Na/N =0. l it follows that pbars had a factor of 4 larger amplitude, very much in line with the rigid-bunch model predictions.
The rigid-bunch approximation does not provide direct information on Landau damping, it could only be inferred from the value of the beam spectral function at the mode tune. To simulate multibunch modes beyond this approximation presents a real challenge even for the most powerful computers. The work on such codes is going on at Fermilab and CERN [12] .
In conclusion of this section let us note that instability of coherent beam-beam oscillations was one of the factors limiting the ISR performance [13] . The instability was most likely impedance-driven, the role of the beam-beam interaction was to modify the spectrum of coherent oscillations in such a way that the frequency of the most unstable mode occured outside the transverse damper range, in some analogy with the effects discussed above.
SUMMARY
There is at least qualitative understanding of the beambeam effect in hadron colliders, the theory does reflect the reality. However not all of the detail is reproduced quantitatively, the work on refining the existing simulation codes and development of new ones (especially for the coherent beam-beam effect) should be continued.
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